Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov.
Actinobacteria classified in the genus Frankia are best known for their ability to induce nitrogen-fixing nodules in a broad range of dicotyledonous plants (Magallon et al., 1999; Normand & Benson, 2012) . These mutualistic associations are called 'actinorhizal' and the host plants infected with Frankia strains are known as 'actinorhizal plants' (Torrey & Tjepkema, 1979) . Actinorhizal plants tend to thrive in marginal soils and hence have gained currency as pioneers in nitrogen-deficient soils, in land reclamation and as a source of timber and pulp (Benson & Silvester, 1993) . The economic significance of actinorhizal associations has led to extensive studies on actinorhizal plant ecology, mechanisms of infection, root nodule physiology (Benson & Silvester, 1993) and on the biology of the microsymbionts (Benson et al., 2011; Lechevalier et al., 1982; Simonet et al., 1990) . In contrast, Frankia systematics, notably the delineation of Frankia species, has proved to be complex, confusing and controversial partly due to the limited availability of Frankia strains from Biological Resources Centres and the difficulty of growing them. Consequently, different Frankia strains have featured in the application of molecular systematic methods, as exemplified by DNA-DNA relatedness (Akimov et al., 1991; Akimov & Dobritsa, 1992; An et al., 1983 An et al., , 1985 Bloom et al., 1989; Fernandez et al., 1989; Lumini & Bosco, 1996) and single-and multilocus fingerprinting studies (Murry et al., 1995; Bautista et al., 2011) as well as in comparative analyses of conserved gene sequences (Clawson et al., 2004; Ghodhbane-Gtari et al., 2010; Gtari et al., 2004 Gtari et al., , 2007 Normand et al., 1996; Nouioui et al., 2011; Hahn et al., 2011) .
The genus Frankia (Brunchorst, 1886) belongs to the family Frankiaceae (Becking, 1970) of the order Frankiales as proposed by Sen et al. (2014) . The genus is well defined; it encompasses aerobic to microaerophilic, Gram-stain-positive actinobacteria that produce extensively branched substrate hyphae and form multilocular sporangia. Frankia strains tend to be slow growing and fix nitrogen both in vitro and in the nodules of host plants (Normand & Benson, 2012) . The only species classified in the genus is Frankia alni; the species proposed by Becking (1970) were subsequently found to be out of sync with the genomic species delineated in DNA-DNA pairing experiments such as those cited above. Consequently, the only species with a validly published name is currently F. alni (Skerman et al., 1980) , which was first described by Woronin in 1866 to be present in the roots of alder. A type strain has yet to be proposed for F. alni, a situation that reflects the fact that Frankia strains are difficult to grow, are not readily available from public culture collections and do not always show features that correspond to those cited in the original description of F. alni by Woronin (1866) . However, one of the most intensively studied Frankia strains, ACN14a
T , was isolated from nodules of Alnus viridis ssp. crispa (Normand & Lalonde, 1982) and has morphological characteristics (hyphae, vesicles and sporangia) that correspond to those cited in the original description of F. alni (Woronin, 1866) . The wholegenome sequence of this strain is available since several years (Normand et al., 2007) and cultures of the strain are available from two public culture collections: CECT (Colección Espagñola de Cultivos Tipo) and DSMZ (Leibniz Institute DSMZ -German Collection of Microorganisms and Cell Cultures). These data provide compelling evidence that strain ACN14a
T be recognized as the type strain of F. alni, a proposition that meets the criteria set out in Rule 18f of the International Code of Nomenclature of Bacteria (Lapage et al., 1992; Parker et al., 2015) . Phylogenetic, morphological and physiological studies clearly underpin the heterogeneous nature of the genus Frankia (Benson & Silvester, 1993; Ghodhbane-Gtari et al., 2010; Gtari et al., 2013; Nouioui et al., 2011; Normand & Benson, 2012) . Indeed, phylogenetic studies of Frankia strains based on 16S rRNA and nifH gene sequences generally highlight three major clades (Bautista et al., 2011; Benson & Clawson, 2000; Clawson et al., 2004; Jeong et al., 1999; Gtari et al., 2004 Gtari et al., , 2007 Normand et al., 1996; Wolters et al., 1997) . It is particularly interesting that members of these groups have distinct host ranges (Baker, 1987; Normand et al., 2007 T and BMG5.12 T were isolated from Alnus viridis ssp. crispa (Tadoussac, Canada; Normand & Lalonde, 1982) , Casuarina cunninghamiana (Florida, USA; Zhang et al., 1984) and Elaeagnus angustifolia (Gafsa, Tunisia; Gtari et al., 2004) , respectively. The strains were grown in 10 litre bottles containing basic propionate (BAP) medium (Murry et al., 1984) supplemented with 0.5 mM NH 4 Cl as nitrogen source. Chemotaxonomic and other phenotypic characteristics were determined using biomass from monthold liquid cultures. For morphological characterization, micrographs for each strain were taken using scanning electron microscopy (FE-SEM Merlin, Zeiss).
The ability of the strains to use sole carbon compounds, to grow at a range of pH values, to grow in the presence of several concentrations of NaCl and their susceptibility to antibiotics were determined using the OmniLog device (Biolog). Frankia biomass to be inoculated in GEN-III plates was harvested by centrifugation (9000 g, 15 min), washed three times with sterile distilled water, homogenized by repeated passages through syringes with progressively smaller diameters (21g to 27g) to prepare uniform cell densities at 80, 60, 40, 20, 10 and 5 % turbidity (T). The OmniLog parameters were optimized to 5-25 % T. The GEN-III microplates were inoculated with Frankia cells at 5 % T suspended in IFC solution provided by the manufacturer and incubated at 28 C for 20 days. These tests were carried out in triplicates using inocula prepared independently. The results obtained were identical and no contradiction had been noted between the replicates done for the three stains. The resultant data were exported and analysed using the opm package v.0.9.23 for the R statistical software environment (Vaas et al., 2013) . Cellular fatty acids were extracted from fresh biomass collected from cultures prepared in duplicate from each of the strains following growth at 28 C for 4 weeks, in BAP medium with and without NH 4 Cl. Fatty acid methyl esters were obtained from the biomass samples by saponification, methylation and extraction following the protocols designed by Miller (1982) with minor modifications from Kuykendall et al. (1988) . The fatty acid methyl esters were separated by GC (Agilent 6890N instrument) and the resulting peaks were automatically integrated. Fatty acid names and properties were determined using the Standard Microbial Identification (MIDI) system Version 4.5 and the ACTIN6 database (Sasser, 1990 ).
Additional chemotaxonomic properties of the strains were determined using standard chromatographic procedures. Isomers of diaminopimelic acid were determined following the procedure of Schleifer & Kandler (1972) . Whole-organism sugars extracted from freeze-dried biomass (Lechevalier & Lechevalier, 1970) were examined according to Staneck & Roberts (1974) . Isoprenoid quinones extracted from freezedried biomass (Collins, 1985) were identified by HPLC as described by Kroppenstedt (1982) . Polar lipids were detected by two-dimensional chromatography following the protocol provided by Minnikin et al. (1984) as modified by Kroppenstedt & Goodfellow (2006) . The detection of functional groups was conducted using different spraying reagents, namely Dragendorff's solution (Merck Millipore, 102035) to identify choline-containing lipids (Tindall, 1990) , anisaldehyde to detect sugar-containing lipids (Stahl & Kaltenbach, 1961) , ninhydrin to identify amino groups (Skipski et al., 1964) and molibdatophosphoric acid (Sigma P1518) to detect total polar lipids (Collins & Shah, 1984) .
Genomic G+C content and pairwise similarities of 16S rRNA gene sequences were calculated using the method recommended by Meier-Kolthoff et al. (2013a) via the GGDC web server (Meier-Kolthoff et al., 2013b) available at http://ggdc. dsmz.de/. Phylogenies from 16S rRNA gene sequences were inferred by the GGDC web server (Meier-Kolthoff et al., 2013a) available at http://ggdc.dsmz.de/ using the DSMZ phylogenomics pipeline (Meier-Kolthoff et al., 2014a) adapted to single genes. A multiple sequence alignment was created with MUSCLE (Edgar, 2004) , and maximum-likelihood (ML) and maximum-parsimony (MP) trees were inferred with RAxML (Stamatakis, 2014) and TNT (Goloboff et al., 2008) , respectively. For ML, rapid bootstrapping was used in conjunction with the autoMRE bootstrapping criterion (Pattengale et al., 2010) followed by a search for the best tree; for MP, 1000 bootstrapping replicates were used in conjunction with treebisection-and-reconnection branch swapping and ten random sequence addition replicates. The sequences were checked for compositional bias using the X 2 test as implemented in PAUP* (Swofford, 2002) .
A whole-genome phylogeny (based on the nucleotide sequence data) was calculated using the latest version of Genome BLAST Distance Phylogeny (GBDP) (Meier-Kolthoff et al., 2013b) the greedy-with-trimming approach and pseudo-bootstrapping (Meier-Kolthoff et al., 2014b) with 100 replicates (formula D5, eÀvalue filter 10 À8 ). The phylogenomic tree was inferred using FastME v2.07 with TBR postprocessing (Lefort et al., 2015) .
Based on the genomic and 16S rRNA gene sequences, the phylogenetic positions of strains ACN14a
T , BMG5.12 T and CcI3 T (Fig. 1 ) were found to be in good agreement with previously published results (Ghodhbane- Gtari et al., 2010; Gtari et al., 2004; Normand et al., 1996; Nouioui et al., 2011; Bautista et al., 2011) . The 16S rRNA gene sequence identity for the strains ranged from 98.1 to 98.9 % ( Table 1) . The base-frequency check indicated that there was no compositional bias (P=1.00, a=0.05).
The 16S rRNA gene sequence similarities and digital DNA-DNA hybridization (dDDH) values between the Frankia strains are also shown in Table 1 . The 16S rRNA similarities between the strains were below the Actinobacteria-specific threshold of 99.0 % which Meier-Kolthoff et al. (2013b) suggested as threshold value for which DNA-DNA hybridization experiments were not required (with a maximum probability of error of 1.0 %). However, as the genome sequences were already available, dDDH was performed, yielding values between the three strains that were well below 70 % cut-off point recommended by Wayne et al. (1987) T and CcI3 T and the type strains of all type species of the genera within the Frankiales. The ML tree was inferred using the GTR+GAMMA model and rooted by midpoint-rooting; the branches are scaled in terms of the expected number of substitutions per site. The numbers above the branches are support values when larger than 60 % from ML (left) and MP (right) bootstrapping. (b) Midpoint-rooted tree inferred with nucleotide GBDP and FastME from whole genome sequences. The branches are scaled in terms of log-transformed intergenomic distances. The numbers above branches are GBDP pseudo-bootstrapping values when larger than 60 %. %, which is also indicative of distinct species affiliations (Meier-Kolthoff et al., 2014c).
In general, the chemotaxonomic properties of the strains were in good agreement with those from previous studies on Frankia strains, as shown by the detection of mesodiaminopimelic acid, alanine, glucosamine, glutamic acid and muramic acid in the peptidoglycan (Lechevalier, 1994; Lechevalier et al., 1982; Lechevalier & Lechevalier, 1990) . The detection of meso-diaminopimelic acid in strains of Frankia underpins results from earlier studies (Lechevalier & Lechevalier, 1979; Lechevalier et al., 1983; Lechevalier & Ruan, 1984) . The presence of galactose, glucose, mannose, rhamnose, ribose and xylose in whole-organism hydrolysates (Fig.  S1 , available in the online Supplementary Material) and the absence of arabinose correspond to results from previous studies (Lechevalier & Lechevalier, 1979; Lechevalier et al., 1983; Lechevalier & Ruan, 1984) . A trace of unknown sugars has been detected for the three strains (Fig. S1 ).
The phospholipid analyses revealed the presence of phosphatidylinositol (PI), diphosphatidylglycerol (DPG), three glycophospholipids (GPL1-3) phosphatidylglycerol (PG) and an unknown lipid (L) (Fig. S2) ; the absence of phosphatidylethanolamine (PE), phosphatidylmethylethanolamine (PME) and phosphatidylcholine (PC) is in line with earlier studies (Lechevalier et al., 1983; Lechevalier & Lechevalier, 1979) .
The fatty-acid profiles of the three analysed strains were very similar irrespective of whether they were grown with or without ammonium chloride. Quantitative and qualitative differences were found between the fatty-acid profiles of the strains (Table S1 ). Strains ACN14a T and CcI3 T contained major amounts of iso-C 16 : 0 and C 17 : 1 !8c, whereas strain BMG5.12 T had iso-C 16 : 0 , C 16 : 0 and C 17 : 1 !8c as predominant fatty acids. Only strain BMG5.12 T had C 18 : 1 !9c. C 15 : 1 !6c was not detected in strain CcI3 T . The presence of these components in some strains of Frankia isolated from Casuarina has been reported previously (Simon et al., 1989) .
Menaquinone profiles were revealed for the type strains of the three organisms. Strain ACN14a
T contained a major amount of MK-9(H 8 ) (53.1 %) and lower proportions of MK-9(H 4 ) (20.7 %), MK-9(H 6 ) (18.5 %) and MK-9(H 2 ) (5.1 %). In contrast, the predominant menaquinones in strains CcI3
T and BMG5.12 T were MK-9(H 6 ) (59.0 %) and MK-9(H 4 ) (55.1 %), respectively; the balance with respect to strain BMG5.12
T was made up of MK-9(H 6 ) (24.2 %), MK-9(H 8 ) (10.4 %) and MK-8(H 4 ) (2.1 %) while in the case of strain CcI3
T the other components were MK-9(H 8 ) (30.6 %) and MK-9(H 4 ) (3.4 %).
Strains ACN14a
T and CcI3 T formed white colonies in liquid BAP medium supplemented with ammonium chloride, whereas strain BMG5.12 T produced red colonies and a red diffusible pigment. It was evident from the scanning electron micrographs that the isolates had morphological features in accordance with their classification in the genus Frankia (Zhang & Benson, 1992; Ganesh et al., 1994; Newcomb et al., 1979) . The organisms formed highly branched substrate hyphae (0.3-0.5 µm in diameter) carry walled swollen vesicles (0.6-2.0 µm diameter) and ovate to spherical multilocular sporangia (5-100 µm in diameter) either terminally (Fig. 2) or in intercalary positions (Zhang & Benson, 1992; Ganesh et al., 1994; Newcomb et al., 1979) .
The three strains can be distinguished from one another using a broad range of physiological features ( Table 2) . The values provided in Table 2 are those with dissimilar reactions in the three type strains. Strain ACN14a T can be separated from BMG5.12 T as it can metabolize L-malic acid and grow in the presence of lithium chloride, potassium tellurite, sodium bromide and vancomycin, whereas BMG5.12 T metabolizes cellobiose, b-hydroxybutyric acid and L-lactic acid. Strain CcI3 T can be distinguished from the two other strains by its capacity to metabolize a-hydroxybutyric acid and its inability to use D-fructose 6-phosphate and D-glucose 6-phosphate. Common physiological features are listed in Table 2 .
Strain ACN14a T has morphological properties (branched substrate hyphae which carried walled swollen vesicles and multilocular sporangia) that tally with those seen by Woronin (1866) in the root nodules of alder. Moreover, ACN14a
T is now available from two public culture collections in distinct countries and has been extensively studied; notably, it belongs to cluster 1a that encompasses strains infective on Alnus and Myricaceae. Given this taxonomic pedigree we formally propose that strain ACN14a T be recognized as the type strain of F. alni (Woronin 1866 ) Von Tubeuf (1895 in accordance with Rule 18f of the International Code of Nomenclature of Bacteria (Lapage et al., 1992) .
There is a wealth of evidence which shows that Frankia is a markedly heterogeneous taxon (Normand et al., 2007) and in particular the cluster 1a should be split soon into several species (Fernandez et al., 1989; Mizra et al., 2009) . The reluctance in the past to denominate novel species of Frankia can be attributed to difficulties in undertaking polyphasic taxonomic studies due to the slow growth rate of strains of Frankia and to the absence of a type strain of the type species, F. alni. However, it is apparent from the present study that the key representative strains of the genus can be distinguished readily using a combination of genotype and phenotype properties.
The results of the present study clearly show that the three strains of Frankia, which represent clusters 1a, 1c and 3 (Benson & Clawson, 2000; Jeong et al., 1999; Gtari et al., 2004 Gtari et al., , 2007 Normand et al., 1996; Wolters et al., 1997) belong to different species based on a rich combination of chemotaxonomic, phenotypic and genomic data. Consequently, it is proposed that strains CcI3 T and BMG5.12 T be recognized as the type strains of two novel species within the genus Frankia, namely Frankia casuarinae sp. nov and Frankia elaeagni sp. nov., respectively. In addition, an emended description of F. alni is given based on the properties of strain ACN14a T .
Emended description of Frankia alni (Woronin 1866) Von Tubeuf 1895
Frankia alni (al¢ni. L. gen. fem. n. alni of the alder plant, the source of the isolate).
The original description was based on an uncultivable symbiont in the root of alder more than one century ago, before the availability of any molecular data. Here we provide the first formal description of a pure culture of Frankia alni strain ACN14a T based on molecular and chemotaxonomical data. Aerobic, Gram-positive, heterotrophic, chemoorganotrophic actinobacterium which forms extremely branched substrate hyphae but does not produce aerial hyphae. Multilocular sporangia are formed either terminally or intercalary positions on substrate hyphae while vesicles are formed terminally. These three morphological structures, hyphae, vesicles and sporangia, formed by the strain in pure culture tally with those described within alder root nodules. It grows well in liquid BAP medium after 3-4 weeks, forming white hyphal or ovoid colonies. Grows optimally but slowly at 28 C and from pH 6.3 to 6.8. It is able to metabolize D-fructose 6-phosphate, Dglucose 6-phosphate, fusidic acid, malic acid andmethyl pyruvate and grow in the presence of guanidine hydrochloride, lithium chloride, potassium tellurite, propionate, sodium bromate, 1 % sodium lactate and Tween 40. It is resistant to lincomycin, minocycline, vancomycin and nalidixic acid. It is resistant to biphenyl and polychlorinated biphenyl at concentrations up to 5 mM. The major fatty acids are iso-C 16 : 0 and C 17 : 1 !8c, whereas the predominant menaquinone is MK-9 (H 8 ). The polar lipids are PI, DPG, GPL1-3, PG and unknown lipid (L). The cell sugars are galactose, glucose, mannose, rhamnose, ribose and xylose. The G+C content of the strain is 72.8 mol% and the total size of its genome is 7.50 Mb. Strains classified within the species form symbiotic associations with the roots of plants classified in Alnus and Myricaceae.
The proposed type strain is ACN14a Description of Frankia casuarinae sp. nov.
Frankia casuarinae sp. nov. (ca.su.a.ri¢nae. N.L. gen. fem. n. casuarinae of Casuarina, referring to the source of the isolate).
Cells are Gram-positive, aerobic, heterotrophic and chemoorganotrophic. Hyphal, ovoid or circular colonies are observed in liquid medium and starfish-like or diffuse colonies with a network of highly branched hyphae on agar. Multilocular sporangia are formed either terminally or intercalary positions on substrate hyphae while vesicles are formed terminally. Grows well on BAP media, in which no pigmentation is observed. Optimum growth temperature is 28 C, optimum pH ranges from 6.3 to 6.8. It is able to metabolize acetic acid, acetoacetic acid, butyric acid, fusidic acid, b-gentiobiose, methyl pyruvate, propionic acid, 1 % sodium lactate, a-hydroxybutyric acid, p-hydroxyphenylacetic acid, a-ketobutyric acid, potassium tellurite and Tween 40. A positive reaction is observed in the presence of tetrazolium violet and tetrazolium blue. The strain is resistant to nalidixic acid, minocycline, vancomycin and to polychlorinated biphenyl at concentrations up to 5 mM. The major fatty acids are iso-C 16 : 0 and C 17 : 1 !8c. The predominant menaquinone is MK-9(H 6 ). The polar lipids are PI, DPG, GPL1-3, PG and unknown lipid (L). The cell sugars are galactose, glucose, mannose, rhamnose, ribose and xylose. The G+C content of the strain is 70.1 mol% and genome size is 5.3 Mb. The host plants are Casuarinaceae (except Gymnostoma) and Myricaceae.
